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Abstract

Key message Comparing populations derived, respectively, from polyploid Sorghum halepense and its progenitors
improved knowledge of plant architecture and showed that S. halepense harbors genetic novelty of potential value
for sorghum improvement

Vegetative growth and the timing of the vegetative-to-reproductive transition are critical to a plant’s fitness, directly and
indirectly determining when and how a plant lives, grows and reproduces. We describe quantitative trait analysis of plant
height and flowering time in the naturally occurring tetraploid Sorghum halepense, using two novel BCF, populations total-
ing 246 genotypes derived from backcrossing two tetraploid Sorghum bicolor x S. halepense F, plants to a tetraploidized
S. bicolor. Phenotyping for two years each in Bogart, GA and Salina, KS allowed us to dissect variance into narrow-sense
genetic (QTLs) and environmental components. In crosses with a common S. bicolor BTx623 parent, comparison of QTLs in
S. halepense, its thizomatous progenitor S. propinquum and S. bicolor race guinea which is highly divergent from BTx623
permit inferences of loci at which new alleles have been associated with improvement of elite sorghums. The relative abun-
dance of QTLs unique to the S. halepense populations may reflect its polyploidy and subsequent ‘diploidization’ processes
often associated with the formation of genetic novelty, a possibility further supported by a high level of QTL polymorphism
within sibling lines derived from a common S. halepense parent. An intriguing hypothesis for further investigation is that
polyploidy of S. halepense following 96 million years of abstinence, coupled with natural selection during its spread to
diverse environments across six continents, may provide a rich collection of novel alleles that offer potential opportunities
for sorghum improvement.

Introduction

While the genetics of sorghum (S. bicolor) is relatively well
studied, a wild relative with many intriguing properties has
been largely overlooked. Sorghum halepense is a naturally
formed polyploid that has spread from its suspected west
Communicated by Jianbing Yan. Asian origin across six continents in post-Columbian times.
Its establishment in the USA is probably typical of its spread
to other continents, being introduced intentionally as a pro-
spective forage and unintentionally as a contaminant of
seedlots (McWhorter 1971), achieving the rare distinction
D< Andrew H. Paterson of being both a noxious weed in 20 US states and an inva-

paterson @uga.edu sive species in 16 (Quinn et al. 2013). However, while sor-
ghum largely remained confined to cultivation, S. halepense
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(Sezen et al. 2016)—suggesting capabilities for adaptation
well beyond those of sorghum.

Modification of two important traits, plant height and
flowering time, has been central to plant domestication and
crop improvement. For example, the ‘Green Revolution’ was
based largely upon short and lodging resistant plants suit-
able for increased fertilization and mechanical harvesting.
Increasing demand for lignocellulosic biomass has moti-
vated increasing plant height or developing dual purpose
plants with both grain and biomass potential (Fernandez
et al. 2009). Adjusting flowering time is important for hybrid
development, for utilization of germplasm in non-native lati-
tudes, and for adaptation to changing climatic conditions
(Jung and Miiller 2009).

One of the best-studied components of plant architecture
is plant height, because of its importance, reliable phenotyp-
ing and relatively high heritability (Fernandez et al. 2009;
Wang and Li 2006). However, it took nearly 40 years after
the ‘Green Revolution’ for the underlying genes to be identi-
fied, semi-dwarf (SD1) in rice and reduced height (RAf) in
wheat, both involved in gibberellin (GA) pathways (Peng
et al. 1999; Sasaki et al. 2002; Wang et al. 2017). In addition
to GA pathways, the brassinosteroid (BR) pathway is respon-
sible for cell elongation by cell wall loosening (Kutschera
and Wang 2012). Mutants of the BR pathway show dwarf
phenotypes, while increased BR levels can increase plant
size (Bishop 2003). Quantitative studies suggested that con-
trol of plant height is polygenic in maize (Ku et al. 2015;
Peiffer et al. 2014).

In sorghum, a canonical model has suggested four gen-
eral loci for plant height, DWI- DW4 (Quinby and Karper
1954), but multiple quantitative studies (Brown et al. 2008;
Hart et al. 2001; Lin et al. 1995; Morris et al. 2013; Mur-
ray et al. 2008; Ritter et al. 2008; Upadhyaya et al. 2012;
Zhang et al. 2013; Zhang et al. 2015) support that at least six
non-overlapping loci contribute to plant height (Zhang et al.
2015). To date, Dwl and Dw3 have been cloned (Multani
et al. 2003; Yamaguchi et al. 2016); Dw?2 is located in or
near a large heterochromatin region on sorghum chromo-
some 6 (Brown et al. 2008; Cuevas et al. 2016; Higgins et al.
2014; Hilley et al. 2017; Murphy et al. 2011; Murray et al.
2009; Zhang et al. 2015); and Dw4 may be near~6.6 Mb
on chromosome 6 (Morris et al. 2013), but strong signals
on chromosome 4 have also been considered as indicators
of Dw4 (Li et al. 2015; Zhang et al. 2015). Additional loci
with small effects responsible for plant height might explain
residual variance.

Genetic manipulation of flowering time is important in
crop domestication, and directly or indirectly influences
plant architecture (Hill and Li 2016). In most Poaceae taxa,
plants flowering late are taller, as flowering terminates apical
growth. Indeed, many studies reported positive correlations
between plant height and flowering time in sorghum and

@ Springer

often discovered QTLs for these two traits located in the
same general genomic regions (Brown et al. 2008; Higgins
et al. 2014; Lin et al. 1995; Morris et al. 2013; Zhang et al.
2015). A total of six maturity genes controlling days to flow-
ering have been denoted Mal-Ma6 (Brady 2006; Quinby
1966; Quinby and Karper 1945). An intriguing early can-
didate for Mal on sorghum chromosome 6 (Murphy et al.
2011) has recently been found unlikely, and replaced by a
more probable candidate supported by numerous lines of
evidence (Cuevas et al. 2016). Ma3 is proposed to be the
phytochrome B on sorghum chromosome 1 (Childs et al.
1997; Yang et al. 2014a), while Ma6 is hypothesized to be
an ortholog of a rice grain number, plant height and head-
ing date gene (GHD7) (Murphy et al. 2014), albeit needing
further functional validation.

Sorghum provides many avenues to study traits related
to plant architecture, thanks to rich genomic resources and
a high-quality reference genome sequence (Paterson et al.
2009). In addition to genomic tools, the flexibility to make
crosses between the five main sorghum races (bicolor,
guinea, caudatum, durra and kafir), and with wild relatives
such as S. propinquum and S. halepense, makes it particu-
larly attractive to dissect and compare genetic components
of plant architecture. In this paper, we describe a quantitative
trait study of key components of plant architecture, specifi-
cally plant height and flowering time, in two half-sib tetra-
ploid BC,F, populations derived from crossing Sorghum
bicolor BTx623 and Sorghum halepense Gypsum 9E. A
two-year, two-environment phenotypic evaluation permits
us to identify major effect and environment-specific QTLs.
Quantitative trait loci (QTLs) discovered in these two novel
populations are compared to those from two other diploid
sorghum recombinant inbred line (RIL) populations sharing
BTx623 as a common parent but sampling the breadth of the
Sorghum genus, one a cross to S. bicolor 1S3620C, and the
other to S. propinquum (Kong et al. 2013). QTLs identified
in this study and their comparison provide insight into evolu-
tion of morphological diversity in the Sorghum genus, are
of practical use for marker-assisted breeding, and provide a
foundation for molecular cloning and functional analysis.

Materials and methods
Genetic stocks

S. bicolor BTx623 X S. halepense G9E (SH-BC,F, and SH-
BC,F,): Two tetraploid F; hybrids, H4 and H6, derived
from crossing S. bicolor BTx623 X S. halepense Gypsum
9E (GY9E) were backcrossed to the tetraploidized recurrent
parent, S. bicolor BTx623 to develop H4 and H6-derived
BC,F, mapping populations consisting of 141 and 105 geno-
typed individuals, respectively. BC,F, rows derived from
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selfing single BCF, plants were planted on May 28th 2013
and May 9th 2014 at the University of Georgia Plant Sci-
ence Farm, Watkinsville, GA, USA (33.87°, — 83.53°, Ath-
ens 2013 and Athens 2014 hereafter), and on Jun 3rd 2013,
and Jun 17th 2014 at The Land Institute, Salina, KS, USA
(38.77°, — 97.57°, Salina 2013 and Salina 2014 hereafter).
Within each environment, there were two blocks and three
subsamples for each genotype, in a completely randomized
design.

RIL population of S. bicolor BTx623 x153620C (IS-RIL):
This population comprised 393 F,_g RILs derived by self-
ing of a single F, plant from S. bicolor BTx623 X1S3620C,
expanding a population previously described (Hart et al.
2001; Kong et al. 2000) and were described in Kong et al.
(2018). This population was planted at the University of
Georgia Plant Science Farm, Watkinsville, GA, USA on 10
May 2011 and 18 May 2012. Single 1.5-m plots of each
RIL were machine planted in a completely randomized
design. For each progeny line, we phenotyped two plants
as subsamples.

RIL population of S. bicolor BTx623 and S. propinquum
(PQ-RIL): This population comprised 161 RILs derived by
selfing a single F, plant from S. bicolor BTx623 and S. pro-
pinquum, as described in Kong et al. (2013). The population
was planted on May 20th 2009, May 28th 2010 and May
16th 2011 in a completely randomized design, transplanting
(2009, 2011) or direct seeding (2010) five plantsina 1.5 m
plot. For each progeny line, we phenotyped two plants as
subsamples. Genetic components of vegetative branching
patterns were elaborated in Kong et al. (2014).

Genotyping

Leaf samples of the SH-BC,F, population were frozen
at — 80°C and lyophilized for 48 h. Genomic DNA was
extracted from the lyophilized leaf sample based on Aljanabi
et al. (1999).

The GBS platform is a slightly modified version of Mul-
tiplex Shotgun Genotyping (MSG) (Andolfatto et al. 2011)
combined with the Tassel GBS 5 analysis pipeline. Geno-
typing of the two SH-BC,F, populations used Illumina
HiSeq 2500, Rapid V2 kits that generate about 150 million
reads of 100 base pair (bp) fragments per run with single-
end sequencing. Details of SNP calling, marker filtering, and
genetic map construction can be found in Kong et al. (2020).
Genotyping of the IS-RIL population used an in-house Illu-
mina MiSeq that generates up to 25 million reads of 150
base pair (bp) fragments per run with single-end sequenc-
ing. Description of the genetic map of the IS-RIL popula-
tion can be found in Kong et al. (2018). The genetic map of
the PQ-RIL population derived from S. bicolor BTx623 X S.
propinquum was published in Kong et al. (2013).

Phenotyping

We evaluated plant height and flowering time in the SH-
BC,F, families with three subsamples in two fields in two
years and at two locations. Flowering time (FL) was meas-
ured by recording when flower heads emerged for about
50% of the plants within a plot. Plant height (PH) was
measured from the base to the tip of the main flower head.
Phenotyping of plant height and flowering time in the IS-
RIL population was consistent with our system applied
to the PQ-RIL as described in Kong et al. (2014). The
variance component method was used to calculate broad-
sense heritability [H= V5/(Vg+ Vge/e + Vi ogiqua/€r)] where
V; is the variance estimate for genotype, Vp; is the variance
estimate for environment, e is the number of environments
and r is the number of subsamples.

Single marker analysis

We screened informative markers to identify an appropri-
ate subset for conducting single marker analysis based on
the following procedure:

1. Select bi-allelic markers.
Select markers that are at least 100 bp apart since SNP
markers within 100 bp are highly correlated and provide
little additional information in genetic mapping popula-
tions in strong linkage disequilibrium.

3. Keep markers with missing data less than 60%.

4. Delete markers with minor allele frequency less than
0.02.

5. Calculate pair-wise recombination frequency, and
remove markers that fail to show linkage to any other
markers of <20% recombination.

After filtering the raw dataset, we conducted one-way
analysis of variance (ANOVA) for each phenotypic trait as
the response variable with respect to each marker genotype
for each population. A significance threshold of a P value
of 0.001 was used. We also conducted ANOVA by pooling
both SH-BC,F, populations to increase statistical power
while controlling population as a blocking factor. Statisti-
cal analyses used R (R Core Team 2016). The significant
lists of SNPs for each trait in each sub-population were
further condensed using hierarchical clustering with pair-
wise recombination frequencies as the distance measures.
We visualized the clustering of SNPs using heat maps
with the R ‘gplots’ function (Warnes et al. 2016). Potential
QTLs were determined if more than 4 SNPs were found
within a cluster cut at height of 0.3 (30% recombination).
Peak SNPs were chosen based on the smallest P-values.
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Map-based QTL mapping

The interval mapping method (Lander and Botstein 1989)
was conducted for each trait of interest in each population
(H4 or H6) in each environment using R/qtl (Broman et al.
2003). Permutation tests (with a=0.10) suggest LOD scores
of 2.9 and 3.1 for H4 and H6 populations, respectively.
QTLs with LOD scores of 2.5 were listed. For QTLs show-
ing multiple peaks or covering large genomic regions, we
used the ‘scantwo’ function in R/qtl to test the hypothesis
of two QTL models. After refining the QTL positions, an
additive QTL model was employed to calculate the percent-
age of variance explained for each trait of each population
in each environment. Then, a mixed model was fitted using
all QTLs as fixed effects and the environment as a random
effect to understand and partition the contribution of dif-
ferent QTL effects to the phenotype. We used a modified
method to calculate R-squared (Nakagawa and Schielzeth
2013) for the mixed effect modeling.

Results
Summary statistics and heritability analysis

The average height of S. halepense GO9E was 157 cm, much
taller than the 98.7 cm of S. bicolor, albeit measured in
a separate experiment in 2012 (2013-2014 data for G9E
showed evidence of contamination). The tetraploid BTx623
parent was 36.7 cm taller than its diploid counterpart in 2013
(t=2.96, p=0.0050, Table S1a), and 28.1 cm taller in 2014
(t=4.91, p<0.001). The average height of the SH-BC,F,
progeny lines across all four environments is 250.2 cm, much
taller than both parents, with plants grown in Salina averag-
ing 42.7 cm taller than in Athens (r=17.27, p<0.001). The

respective locations differed in opposite ways across years—
average plant height in Athens was 31.3 cm shorter in 2013
than 2014 (r=—-9.38, p<0.001), but in Salina was 32.9 cm
taller in 2013 than 2014 (r=10.88, p <0.001). The average
height of the SH-BC,F, population is the largest among the
three sorghum populations, taller than the 151.2 cm of the
IS-RILs (t=92.46, p <0.001) and the 100.6 cm of the PQ-
RILs [(r=40.49, p <0.001), (Table S1a, b, ¢)]. Broad-sense
heritability estimates of plant height are relatively high and
consistent among the three populations, at 72%, 78% and
77% for the SH-BC,F,, IS-RIL and PQ-RIL populations,
respectively.

Days to flowering (FL) of Sorghum halepense G9E
averaged 14 days earlier than that of BTx623 in 2012
(see explanation above). Tetraploid BTx623 plants flow-
ered about 6.9 days later on average than diploid BTx623
(r=2.49, t=0.019), and this difference was larger in 2013
(8.2 days, t=3.25, p=0.0061) than 2014 (4.0 days, t=3.35,
p=0.0053) (Table Sla). Progeny lines of SH-BC,F, dis-
play large genetic variation, but their average FL was about
75.7 days, near the 76.4 day average of tetraploid BTx623.
The average FL in Salina was about 4 days longer than in
Athens (=5.38, p<0.001). Within each environment, aver-
age FL in Athens was about 2.8 days later in 2013 than 2014
(t=2.70, p=0.0071); and in Salina was about 12.9 days
later in 2013 than 2014 (r=14.42, p <0.001), a much larger
difference than in Athens. Progenies of the BC,F, popula-
tion flowered an average of 16.9 days later than the IS-RIL
(r=30.34, p<0.001), and 8.7 days later than the PQ-RIL
(Table 1 b and 1c). Broad sense heritability estimates of
days to flowering are relatively high, at 83.59%, 63.66% and
83.65% in the SH-BC,F,, PQ-RIL and IS-RIL populations,
respectively.

Phenotypic values for FL are significantly correlated
across environments, as are phenotypic values for PH.

Table 1 A mixed main effect model for plant height in the H4 derived population

Sum Sq' DF Estimate® F value P value
qPH.3C.H4.1 22,923 1 13.21 27.95 1.806e—07***
qPH.6B.H4.1 26,783 1 16.66 32.66 1.815e—08***
qPH.6B.H4.2 37,628 1 22.78 45.89 3.278e—11%***
qPH.7C.H4.1 18,812 1 15.02 22.94 2.161e—06%**
qPH.7C.H4.2 10,347 1 10.90 12.62 0.0004 154 %3
Source Variance SD
Random effects

ENV 836.1 28.92
Residual 820.0 28.64

Sum sq sum of squares, DF degrees of freedom, ENV environment, SD standard deviation

'Sum of squares of a single QTL in the mixed effect model

2Estimated effects of allele substitution
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Further, FL and PH are also positively and significantly cor-
related with one another (Fig. 1), indicating that late flower-
ing individuals are generally taller than early flowering ones.

QTL analysis

In addition to the conventional interval mapping method
(Lander and Botstein 1989), we performed single marker
analysis for each trait with respect to each of the 5148 fil-
tered SNP markers, with the order of the markers based on
the published sorghum genome sequence version 1.4 (Pater-
son et al. 2009). An example of a heat map with hierarchical
clustering was provided to visualize the relationship among
significant markers and to determine the number of poten-
tial QTLs (Fig. S1). This is a greedy method but neverthe-
less permits us to analyze pooled data from the two BC,F,

populations and to visualize the relationship between blocks
of potential QTLs without constructing genetic maps.

Plant height

We detected a total of 11 QTLs for PH in the H4-derived
population by interval mapping, with six, qPH3C.H4.1,
qPH6B.H4.1, qPH7C.H4.1, qPH7C.H4.2, qPH7D.H4.1
and qPH9B.H4.1 significant in more than one environment
(Fig. 2, Table S2). Allele effects of the detected QTLs are all
positive, indicating that S. halepense alleles increase PH. A
total of five QTLs, gPH3C.H4.1, gPH6B.H4.1, gPH6B.H4.2,
gPH7C.H4.2 and qPH7C.H4.3, were selected using back-
ward selection (p <0.05) to fit a mixed main effect model
for PH together with the environmental factor as the random
effect (Table 1). The model with five QTLs and one envi-
ronmental factor explains 63.2% of the total variance, with

0.92
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Fig. 1 Correlation coefficients between days to flowering (FL) and plant height (PH) in the BC,F, populations in four environments. All correla-

tion coefficients are significant at an alpha level of 0.001
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Interval Mapping for Plant Height (blue) and Flowering Time (orange) in the H4 Population
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Fig. 2 Interval mapping result of the H4 population

the QTL factor (fixed) explaining 24.3% of the total variance
based on a modified method for calculating R-squared in the
mixed model (Nakagawa and Schielzeth 2013). The random
effects of the four environments from the mixed model are
— 34.20, — 3.29, 35.47, 2.01 cm for Athens 2013, Athens
2014, Salina 2013 and Salina 2014, respectively, suggesting
that the progeny plants were tallest in Salina 2013 and short-
est in Athens 2013 among the four environments.

In the H6-derived population, we detected a total of
20 PH QTLs by interval mapping, with 11 significant in
more than one environment (Fig. 3 and Table S2). Six-
teen QTLs show positive allele substitution effects, with
five, qgPH4A.H6.1, qPH.4C.H6.1, qPH.4C.H6.2, qPH.8A.
H6.1 and qPH.9C.H6.1 showing negative allele substitu-
tion effects, indicating that S. halepense alleles decrease
plant height at these loci. gPH4C.H6.1, qPH8A .H6.1 and
qPHI9C.H6.1 might be reciprocal alleles (i.e., different
homologs) to qPH4D.H6.1, qPH8B.H6.1 and qPH9A.H6.1
or qPH9B.H6.1 based on comparing their physical posi-
tions. A mixed effect model using backward elimination
(p=0.05) with the environment as a random effect selected
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a total of nine QTLs, qPH1A.H6.1, qPH.1C.H6.1, qPH.2B.
H6.1, gPH.3B.H6.1, qPH.4A.H6.1, qPH.4D.H6.1, qPH.6B.
H6.1, gPH.7D.H6.1 and qPH.9A.H6.1 (Table 2), with only
one QTL (qPH.4D.H6.1) showing negative allele effect of
S. halepense. This provides some evidence for our hypoth-
esis of reciprocal QTLs, since only one QTL in each pair is
significant in the mixed effect model. QTL factors (fixed) of
this model explain about 22.4% of the total variance, while
inclusion of the environmental factor (random) explains
about 71.9% of the total variance. The random effects of
the four environments from the mixed model are — 28.73,
— 5.86,28.77 and 5.82 for Athens 2013, Athens 2014, Salina
2013 and Salina 2014, respectively, suggesting again that
the progeny plants were tallest in Salina 2013 and shortest
in Athens 2013.

We detected a total of 243, 239, 89 and 78 significant
SNP markers (p < 1073) for PH in Athens 2013, Athens
2014, Salina 2013 and Salina 2014, respectively, with 34
markers significant in all four environments (Fig. 4 and
Fig. S2). In the H4 derived population, we inferred a total
of eight QTLs on chromosomes 2, 3, 5, 6 (2), 7 (2), 9, all
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Interval Mapping for Plant Height (blue) and Flowering Time (orange) in the H6 Population
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Fig. 3 Interval mapping result of the H6 population

increasing PH, with one QTL, qPH2.1.H4 newly detected.
In the H6-derived population, we detected a total of 14
QTLs including five pairs of QTLs (reciprocal QTLs) on
the same chromosome but with different effects, possibly
coming from homologs in this population; single QTLs on
each of the remaining chromosomes except chr. 5. A total
of two QTLs, qPH10.1.H6 and qPH10.2.H6 were newly
detected from the single-marker analysis in the H6-derived
population. Three previously mapped genes, Dwli, Dw2
and Dw3 (Morris et al. 2013; Multani et al. 2003; Yamagu-
chi et al. 2016), were tentatively re-identified in our single
marker analysis, corresponding to the ‘skyline’ signals on
the long arms of chromosomes 9, 6 and 7, indicating that S.
halepense has wild-type alleles that increase plant height
at those loci. Many small effect signals were found across
the genome (Table S2 and S3), which support findings that
the genetic control of plant height in sorghum is quantita-
tive with many more loci involved (Brown et al. 2008; Hart
et al. 2001; Lin et al. 1995; Murray et al. 2008; Ritter et al.
2008; Upadhyaya et al. 2012; Zhang et al. 2015) than the

- J:

i

canonical model based on four loci, DWI-DW4 (Quinby and
Karper 1954).

A total of four general PH QTL regions for the two SH-
BC,F, populations overlap, based on aligning their physical
positions on the sorghum genome, including those regions
near the DWI (qPH9B.H4.1 and qPH9B.H6.1) (Hilley
et al. 2016; Yamaguchi et al. 2016), DW2 (qPH6B.H4.2
and qPH.6B.H6.1) and DW3 loci (qPH.7C.H4.2, qPH7D.
H4.1, gPH7B.H6.1 and qPH7D.H6.1) (Multani et al. 2003)
and a fourth region on chromosome 3 (QPH3C.H4.1 and
qPH3B.H6.1) at approximately 68—69 Mb. More QTLs are
detected in the H6 than the H4 population, possibly because
the short-day alleles on chromosome 6 have much less effect
in the H6 than the H4 population.

Days to flowering
A total of three flowering time QTLs, qFL.1A.H4.1, qFL6B.
H4.1 and qFL6B.H4.2, were detected by the interval map-

ping method from the H4-derived population, all signifi-
cant in more than one environment (Fig. 2 and Table S4).
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Table 2 A mixed main effect model for plant height in the H6 population

Sum Sq DF Estimates F value P value

qPH.1A.H6.1 8239 1 —19.53 14.28 0.0001814***
qPH.1C.H6.1 16,008 1 16.20 27.75 2.267e—07***
qPH.2B.H6.2 4335 1 7.56 7.51 0.0063978%*
qPH.3B.H6.1 6518 1 9.87 11.30 0.0008510%**
qPH.4A.H6.1 7605 1 —13.82 13.18 0.0003195%**
qPH.4C.H6.2 3710 1 —-791 6.43 0.0115983*
qPH.4D.H6.1 10,734 1 17.55 18.61 2.030e—05%**
qPH.6B.H6.1 47,525 1 25.83 82.38 < 2.2e—16%**
qPH.7D.H6.1 5812 1 —12.35 10.07 0.0016203**
qPH.8B.H6.1 1841 1 —-532 3.19 0.0748162
qPH.9A.H6.1 5177 1 14.66 8.97 0.0029092%*
Source Variance SD
Random effects

ENV 1065.8 32.65

Residual 576.9 24.02

Sum sq sum of squares, DF degrees of freedom, ENV environment, SD standard deviation

'Sum of squares of a single QTL in the mixed effect model

2Estimated effects of allele substitution

Sorghum halepense alleles of both QTLs from chromosome
6B (qFL6B.H4.1 and qFL6B.H4.2) delay flowering while
S. halepense alleles of qFL.1A.H4.1 accelerate flowering.
A log likelihood plot (Fig. S3) suggests two possible QTLs
on chromosome 6B, and a ‘scantwo’ analysis in R/qtl for
all four environments favors two QTLs on chromosome
6B, with likelihood peaks at 6—8 cM and 46-49 cM, cor-
responding to 0.9 and 40-43 Mb in physical location. An
average LOD score is 3.58 when comparing the full model
to the single QTL model, and 3.02 when comparing the
additive model to the single QTL model (data not shown).
We obtained a mixed effect model adding all three QTLs,
qFL.1A.H4.1, qFL6B.H4.1 and qFL6B.H4.2, as the fixed
effects significant at an alpha level of 0.05 and the environ-
ment as a random effect (Table 3). QTL by environment
interactions are not significant for FL in H4 for this analysis.
The fixed effect (QTL) explains about 28.94% of the total
variance, while the model including both fixed and random
effects explains about 49.74% of the variance. This indi-
cates that flowering time varies substantially between years,
and the random effects of environments are — 1.86, — 3.97,
13.29, — 7.45 days, suggesting that FL in Salina 2013 took
much longer than any other environment (also see Table 1a).

We detected a total of 10 QTLs for FL by interval map-
ping in the H6 population with 4, qFL4A.H6.1, qFL4D.
H6.1, gFL6B.H6.1, gFL8A.H6.1 significant in more than
one environment (Fig. 3 and Table S4). Sorghum halepense
alleles accelerate flowering at qFL.4A.H6.1, qFL.4A.H6.2,
qFL.8A.H6.1 and gFL.10A.H6.1, and delay flowering at the
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rest of the QTLs. We suspect that there are more than one
QTL on chromosome 6B (as was found in the H6 popula-
tion); however the ‘scantwo’ result does not formally support
a two-QTL model (data not shown). We obtained a mixed
effect model with a total of 8 QTLs, qFL.1C.H6.1, qFL.2C.
H6.1, qFL.4A.H6.1, qFL.4A.H6.2, qFL.6B.H6.1, qFL.6B.
H6.2, gFL.8A.H6.1, gFL.10A.H6.1 (Table 4), as the fixed
effects significant at an alpha level of 0.05 and environment
as the random effect. The QTL (fixed) factor explains about
25.77% of the total phenotypic variance, while the QTLs
(fixed) and the environment (random) factors collectively
explain about 52.34% of the total phenotypic variance. The
random effect estimates from the mixed model are 0.49,
—5.85,10.71, — 5.35 for the four environments, suggesting
again that FL is much later in Salina 2013 than any other
environment.

We detected totals of 118, 84, 94 and 94 significant SNP
markers (p < 10_3) for FL in Athens 2013, Athens 2014,
Salina 2013 and Salina 2014, respectively, with 54 SNP
markers significant in all four environments (Fig. 5 and Fig.
S4). The overall distribution of pooled data for FL suggested
two major peaks on sorghum chromosome 6, with peak
markers being S6_941772 and S6_42153422; and one peak
on sorghum chromosome 1 at SNP marker S1_20362820
(Fig. 3). Average S. halepense allele effects delay flowering
on chromosome 6 but accelerate flowering on chromosome
1. The hierarchical clustering of significant markers sug-
gested a total of four possible QTLs, one on chromosome
1 and three on chromosome 6 in the H4-derived population
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Single Marker Analysis for Plant Height in the H4 Population
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Fig.4 Single marker analysis of plant height in the H4, H6 -derived and pooled BC,F, populations. Physical positions are in Mb

Table 3 A mixed effect model for days to flowering (FL) in the H4 derived population

Sum Sq DF Estimates F value P value

qFL.1A.H4.1 1162.8 1 —4.1322 13.642 0.000243 5%
qFL.6B.H4.1 5320.1 1 7.3288 62.416 1.554e—14%**
qFL.6B.H4.2 6281.1 1 9.1940 73.69 < 2.2e—16%**
Source Variance SD
Random effects

Environment 34.94 5911

Residual 84.24 9.232

Sum sq sum of squares, DF degrees of freedom, ENV environment, SD standard deviation
'Sum of squares of a single QTL in the mixed effect model
“Estimated effects of allele substitution

(Table S5), all overlapping with QTLs detected from the =~ QTLs on chromosome 6 overlap based on their physical
interval mapping. Allele substitution effects are negative on  positions, therefore might be reciprocal QTLs. A total of
chromosome 1 but positive on chromosome 6. The three  seven possible QTLs were significant in the H6-derived
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Table 4 A mixed effect model for days to flowering in the H6 derived population

Sum Sq DF Estimates F value P value
qFL.1C.H6.1 502.20 1 2.5103 8.334 0.004100%*
qFL.2C.H6.1 643.56 1 5.6277 10.680 0.001176%*
qFL.4A.H6.1 1038.64 1 —3.9864 17.236 4.030e—05%**
qFL.4A.H6.2 405.95 1 —3.2681 6.737 0.009789%*:*
qFL.6B.H6.1 1230.46 1 4.9764 20.420 8.184e—06%***
qFL.6B.H6.2 355.87 1 2.5166 5.906 0.015527*
gqFL.8A.H6.1 589.51 1 —3.2735 9.783 0.001889%*:*
gqFL.10A.H6.1 178.79 1 —2.1279 2.967 0.085747
Source Variance SD
Random effects
ENV 33.27 5.768
Residual 60.26 7.763
Sum sq sum of squares, DF degrees of freedom, ENV environment, SD standard deviation
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Fig.5 Single marker analysis for days to flowering in the H4-, H6-derived and pooled BC,F, populations. Physical positions are in Mb
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population, distributed on chromosomes 1 (2), 4 (2), 6 (2),
and 10, with two QTLs, gFL1.1.H6 and qFL10.1.H6 newly
detected for the single marker analysis. It is interesting that
chromosomes 1 and 4 contain QTLs both accelerating and
delaying flowering time, and these are probably not recipro-
cal QTLs based on their distant physical positions.

In partial summary, QTL results for FL reveal large dif-
ferences between the two SH-BC,F, populations. The H4
population seems to be dominated by two QTLs on link-
age group 6B with only one other QTL detected on linkage
group 1A. The QTLs on linkage group 6B in the H6-derived
population show more subtle effects and explain less pheno-
typic variance, perhaps contributing to our ability to detect
nine more QTLs on other linkage groups. Both populations
showed QTL effects in both directions, which might explain
the transgressive segregation for flowering time observed
in the SH-BC,F, population. It also suggests that while S.
halepense itself flowers rapidly, it can nonetheless contain
late flowering alleles that are unmasked in segregating popu-
lations. However, the S. halepense QTL allele contributing
to early flowering in the H4 population, qFL.1A.H4.1, is
different from those in the H6 population, which are on chro-
mosomes 4 and 8. We detected multiple QTLs on sorghum
chromosome 6 which presumably harbors two flowering
genes, with qFL.6B.H4.2 and qFL6B.H6.1 mapping near
the location of Mal (Cuevas et al. 2016; Murphy et al. 2011)
and qFL6B.H4.1 mapping near Ma6 (Murphy et al. 2014).

QTL correspondence across traits in the BC,F,
population

QTL correspondence among traits may be related to genes
with pleiotropic effects, or multiple closely-linked QTLs
responsible for different traits. PH and FL in the two BC,F,
populations are significantly correlated (Fig. 1), indicating
that some genomic regions might affect both traits. In the
H4-derived population, two QTLs conferring FL on chro-
mosome 6B (qFL.6B.H4.1 and qFL6B.H4.2) overlap with
two plant height QTLs (qPH.6B.H4.1 and qPH.6B.H4.2).
The correspondence of qFL6B.H4.2 and qPH6B.H4.2 may
reflect the well-known close linkage between the Mal and
Dw?2 genes (Cuevas et al. 2016; Lin et al. 1995; Morris et al.
2013), and qFL6B.H4.1 and qPH.6B.H4. might suggest a
similar case, possibly Ma6 and Dw4. In the H6-derived pop-
ulation, we detected a total of seven regions showing QTL
correspondence between days to flowering and plant height
on linkage groups 1C, 4A, 4D, 6B, 7D and 8A based on the
interval based mapping, and one additional pair on chromo-
some 10 based on single marker analysis (Tables S2 and
S4). Interestingly, one pair of overlapping QTLs, qFL.4A.
H6.1 and qPH.4A .H6.1, show opposite effects compared to
qFL.4D.H6.1 and qPH.4D.H6.1, with the first pair of FL
and PH QTLs delaying flowering time and decreasing plant

height and the second pair of FL. and PH QTLs accelerating
flowering time and increasing plant height.

Comparison to two other sorghum populations

We compared the QTL results from the SH-BC,F, popula-
tions with two other sorghum populations sharing BTx623
as a common parent, specifically one RIL population (IS-
RIL) derived from crossing S. bicolor BTx623 x1S3620C,
and another RIL population derived from crossing S. bicolor
BTx623 x S. propinquum (PQ-RIL) (Table S6 and S7, and
Fig. 6). For PH, three general genomic regions conferring
Dwli, Dw2 and Dw3 on chromosomes 7, 6, and 9, respec-
tively, overlap between at least two populations with all three
showing significant signals at the Dw/ region on chromo-
some 7 and the Dw2 and the Dw3 regions significant in both
SH-BC,F, and IS-RIL populations (Table 5). Two additional
PH QTL regions overlap on chromosomes 2 and 10 between
the SBSH-BC,F, and IS-RIL populations (Table 5).

A total of five genomic regions, on sorghum chromo-
somes 1, 4 (2), 6 and 10, showed significant association with
FL in more than one population (Table 6 and Fig. 6). Both
IS-RIL and PQ-RIL populations lack the short-day Mal
allele on chromosome 6 (IS3620c is a ‘converted’ sorghum,
and the PQ-RIL population was advanced under day-neutral
photoperiod in Lubbock TX), and accordingly we find no
QTL correspondence in this region. Overlapping regions on
chromosome 1, qFL.1A.H4.1 and qFL1.1 from ISRIL, might
correspond to the sorghum Ehdl gene, which is thought to
activate Ft expression (Doi et al. 2004; Murphy et al. 2011).
Interestingly, the BTx623 allele for qFL.1A.H4.1 delays
flowering in the BC,F, population while that for qFL1.1
accelerates flowering in the IS-RIL population, again sug-
gesting three alleles with S. halepense conferring the most
rapid flowering. In addition, gFL4A.H6.1 and qFL4D.H6.1
on sorghum chromosome 4 express different allele effects,
corresponding to qFL4.1 from PQ-RIL and qFL4.1 from
IS-RIL, respectively. BTx623 alleles of gFL4A.H6.1 delay
flowering time in the BC,F, population but of qFL4.1 from
PQ-RIL accelerate PQRIL flowering, again consistent with
three S. halepense alleles conferring the most rapid flow-
ering. However, for qFL4D.H6.1 and qFL4.1; and qFL10.
H6.1 and qFL10.1 from SBSH-BC,F, and IS-RIL, respec-
tively, BTx623 alleles confer early flowering (Table 6) in
both cases.

A total of 7 and 13 PH QTLs were unique to the
H4 and H6 derived SBSH BC,F, populations, respec-
tively (Table 5). In addition, a total of six flowering
QTLs, qFL1C.H6.1, qFL2C.H6.1, qFL7D.H6.1, qFL8A.
H6.1, qFL8B.H6.1 and qFL10A.H6.1, were unique to
the H6-derived BC|F, population, indicating that those
QTL alleles may have arisen during the radiation of S.
halepense (Table 6). The fact that we detect more PH than
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Fig.6 QTL correspondence
plot. QTL locations were
converted into their physical
positions. Links are genome
duplication event in sorghum
(Lee et al. 2013)

— BC1F2
— ISRIL
— PQRIL

FL QTL, and that more PH than FL QTL are unique to
the SBSH cross, may suggest that the genetic control of
sorghum FL may be more conserved than that of PH. A
total of three flowering QTLs, qFL1.2, qFL3.1, qFL8.1,
and two plant height QTLs, qPH3.1 and qPHS.1 are unique
to the IS3620C population, (Table S5), while none of the
PQ-RIL QTLs are unique.

Discussion

The present study adds several new dimensions to knowl-
edge of the Sorghum genus. First, it provides early insight
into trait control and QTL polymorphism in S. halepense,
one of the world’s most important agricultural weeds and
also an invasive plant now distributed over six continents.
Second, the comparison of S. halepense, its progenitor S.
propinguum, and a divergent form of S. bicolor, each crossed
to the S. bicolor genotype from which the reference genome
is derived, provides insight into the extent of genetic nov-
elty that may have been associated with the evolution of
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polyploid S. halepense following an estimated 96 million
years of abstinence from polyploidy in the sorghum lineage
(Wang et al. 2015).

QTL allele polymorphism in S. halepense

The properties of the two SH-BC,F, populations are quite
different, reflecting a remarkably high level of QTL allele
polymorphism in S. halepense—noting that the two F,
source plants were obtained by crossing S. bicolor inbred
line BTx623 to S. halepense accession Gypsum 9E, indi-
cating a high level of polymorphism in the latter. Much of
this difference appears to relate to the very strong effect
of the chromosome 6 flowering genes in the H4-derived
BC,F, population, putatively Mal and Ma6 (see below).
The striking effect of the chromosome 6 flowering genes in
the H4-derived BC,F, population might mask small effect
flowering QTLs, accounting for the much larger number we
found in the H6-derived BCF, population.
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Table 5 Plant height (PH) QTL comparisons in SBSH BCI1F2, IS-
RIL and PQ-RIL population

Table 6 Flowering time (FL) comparisons in SBSH-BC1F2, IS-RIL
and PQ-RIL population

Inclusion
of Genes

QTL IS-RIL PQ-RIL

qPH2.H4.1 (+)

gPH.3C.H4.1 (+)
qPH.3D.H4.1 (+)
gPH.5C.H4.1 (+)
qPH.6B.H4.1 (+)
qPH.6B.H4.2 (+)
gPH.6C.H4.1 (+)
qPH.7AH4.1 (+)

qPH6.1 (-) Dw?2

qPH.7A.H4.2 (+) qPH7.1 (+) qPH7.1 (+) Dw3
qPH.7C.H4.1 (+)

qPH.7C.H4.2 (+) qPH7.1 (+) qPH7.1 (+) Dw3
qPH.7D.H4.1 (+) qPH7.1 (+) qPH7.1 (+) Dw3
qPH.9B.H4.1 (+) qPHY.1 (+) Dwl
qPH.1A H6.1 (+)

qPH.1B.H6.1 (+)

qPH.IC.H6.1 (+)

qPH.ID.H6.1 (=)

qPH.2B.H6.1 (+) qPH2.1 (+)

qPH.2B.H6.2 (+) qPH2.1 (+)

qPH.3B.H6.1 (+)

qPH.3B.H6.2 (+)

qPH.4A H6.1 (-)

qPH.4C.H6.1 (-)

qPH.4C.H6.2 (-)

qPH.4D.H6.1 (+)

qPH.6B.H6.1 (+) qPH6.1 (-) Dw?2
qPH.7B.H6.1 (+) qPH7.1 (+) gPH7.1 (+) Dw3
qPH.7D.H6.1 (+) qPH7.1 (+) qPH7.1 (+) Dw3
qPH.8A.H6.1 (=)

qPH.8B.H6.1 (+)

qPH.9A H6.1 (+) qPHO.1 (+) Dwl
qPH.9B.H6.1 (+) qPHO.1 (+) Dwl
qPH.9C.H6.1 (-) qPHO.1 (+) Dwl
qPH10.1.H6 (+) qPH10.1 (=)

qPH10.2.H6 (-) qPH10.1 (=)

SMA vs QTL mapping

We proposed a novel and fast method to visualize and char-
acterize relationships of significant SNPs with single marker
analysis and hierarchical clustering. Constructing genetic
maps in these two largely auto-tetraploid populations derived
from a heterozygous parent is relatively labor-intensive and
challenging for accurate genotyping calling, requiring a high
depth of coverage to call heterozygosity and separate link-
age groups. The single-marker analysis method is an attrac-
tive alternative to identify significant SNPs associated with

QTLname ISRIL PQRIL Inclusion of genes
qFL.1A.H4.1 (=) qFL1.1(+) Ehdl
qFL.6B.H4.1 (+) Mab6
qFL.6B.H4.1 (+) Mab6
qFL.6B.H4.2 (+) Mal
gFL1.H6.1 (-) gqFLL.1 (+) Ehdl
gFL.1C.H6.1 (+)

gFL.2C.H6.1 (+)

qFL.4A.H6.1 () qFL4.1 (+)
qFL.4A.H6.2 (-) qFL4.1 (+)
gFL.4D.H6.1 (+)  qFL4.1 (+)

qFL.6B.H6.1 (+) Mal

gqFL.6B.H6.2 (+) SbTFLI-1
qFL.7D.H6.1 (+)

qFL.8A.H6.1 (-)

qFL.8B.H6.1 (+)

gFL.10A.H6.1 (-) CO/SbMFT2

gFLI0.H6.1 (+)  gFL10.1 (+)

traits of interest. However, SNP signals tend to be dispersed
along the 10 sorghum chromosomes in this study due to
doubled-ploidy of S. halepense. Re-grouping the significant
SNP signals is especially useful in categorizing SNPs with
different signs of effect, separating QTLs from different
homologs, and visualizing some small chromosomal differ-
ences between S. bicolor and S. halepense. Single marker
analysis may also detect additional potential QTL signals
that eluded interval mapping, especially where portions of
chromosomes are not included in the genetic map.

We detected a total of three QTLs for PH and two for
FL by single marker analysis in addition to those found by
interval-based mapping, and the majority of QTLs detected
by the single marker analysis found their counterparts in
interval mapping. This result suggests that our analytical
method functioned reasonably well in detecting and resolv-
ing the relationships of QTLs.

QTL mapping

In this experiment, we conducted QTL analysis of two traits
with relatively high heritability estimates, PH and FL,
finding many QTLs significant in multiple environments
(Table S2-S5). Despite high heritability estimates, envi-
ronmental factors still explain large portions of phenotypic
variance in mixed effect models (Tables 1, 2, 3, 4).

The largest effect QTL for flowering time is on chromo-
some 6, and is especially pronounced in the H4 population
where each of two chr. 6 QTLs have LOD scores greater
than 10. Those two QTLs, qFL6B.H4.1 and qFL6B.H4.2
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presumably correspond to the sorghum Ma6 and Mal genes
(Brady 2006; Cuevas et al. 2016; Murphy et al. 2011). Mal
in particular is of great interest—tacitly assuming that S.
halepense formed from progenitors resembling the wild
sorghums of today, one would postulate that it had four (!)
copies of the dominant Mal allele conferring short-day
flowering. In principle, this would delay flowering until day
lengths drop below 12.5 h, during September in the latitude
of the study site. However, Gypsum 9E, and indeed an entire
diversity panel of 599 S. halepense accessions from across
the USA, flowered throughout the long days of the temperate
summer. Moreover, S. halepense flowered ~ 14 days earlier
than day-neutral S. bicolor BTx623. The difference in flow-
ering time between the two SH-BC,F, populations appears
to suggest either polymorphism for Mal itself, or for some
interacting factor that permits day-neutral flowering, a ques-
tion for further study.

Other than the two flowering QTLs on chromosome
6, only one QTL, qFL1A.H4.1, was significant in the
H4-derived population, suggesting that the large effect QTLs
mask the effects of QTLs on other chromosomes. QTLs on
linkage group 6B have smaller LOD values in the H6 than
the H4-derived population, in which an additional 12 flow-
ering QTLs were found. Across the two populations, a total
of five QTLs, qFL.1A.H4.1 (overlapping with qFL1.H6.1
from single marker analysis), qFL.4A.H6.1, qFL.4A.H6.2,
qFL8A.H6.1 and qFL.10A.H6.1 have S. halepense alleles
accelerating flowering time. Thus, S. halepense harbors
both alleles delaying flowering and alleles that accelerate it,
accounting for the transgressive segregation of FL in prog-
eny populations and potentially offering alleles that may be
useful in breeding sorghum for specific environments.

In addition to re-identification of previously detected
height genes DwI-Dw3, we detected 7 and 17 more QTLs
for plant height in the H4 and H6-derived populations,
respectively, supporting a recent model indicating many
genes with small effects (Zhang et al. 2015) rather than the
classical model with only four genes controlling plant height
(Quinby and Karper 1954). The progeny lines were much
taller than either parent, suggesting that S. bicolor and S.
halepense might contribute different sets of genes for plant
height to their progenies, or that height in early generations
may be a result of heterosis.

QTL correspondence

QTL co-localization may suggest a single gene with pleio-
tropic effect influencing multiple traits, or different genes
that are tightly linked either by chance or due to selection
during sorghum evolution. A well-known example is the
Mal and Dw2 genes linked in the large heterochroma-
tin region on chromosome 6 (Cuevas et al. 2016; Morris
et al. 2013; Zhang et al. 2015). Two additional genomic
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locations suggest correlations between plant height and
flowering time, one in the region of 6-46 Mb on chromo-
some 6, presumably reflecting Ma6 and Dw4; and the other
in the region of 56-59.5 Mb on chromosome 9 (Zhang
et al. 2015). In our study, we validated these two regions
on chromosome 6 and discovered four additional regions
with QTL likelihood peaks at~66.7 Mb on chromosome
1C,~4.3 Mb and 61-64 Mb on chromosome 4A and 4D,
respectively, 57-58 Mb on chromosome 7D and ~44.7 Mb
on chromosomes 8A, conferring QTLs for PH and FL
in the H6 population. High correlation between PH and
FL (Fig. 1) may also contribute to the discovery of co-
localized QTLs (Fig. 6).

Correspondence of QTL regions between three popula-
tions sharing S. bicolor BTx623 as a common parent, with
the other parents being morphologically and genetically
distinct genotypes that represent cultivated (IS3620C),
wild diploid (S. propinquum) and wild polyploid (S
halepense) sorghums, provides information about com-
mon QTLs shared between or among populations and
taxon-specific QTLs that contribute to divergence (Fig. 6).
Genomic regions conferring previously characterized plant
height genes, Dwl, Dw2 and Dw3, have been validated in
the three sorghum populations, with both the SH-BC|F,
populations and the IS-RIL population segregating for
all three genes, and the PQ-RIL population detecting
Dw3 (and with Dw2 probably largely eliminated due to
its close linkage to Mal). Many additional QTLs for PH
and FL significant in the BC,F, but not in the IS-RIL or
PQ-RIL populations may suggest the divergent control of
plant height or inadequate statistical power to detect some
QTLs in some populations. Similarly, five regions control-
ling FL corresponded in the BC|F,, IS-RIL and PQ-RIL
populations. Six regions might harbor the known genes
controlling flowering in sorghum [Table 6; (Cuevas et al.
2016; Murphy et al. 2011; Wolabu et al. 2016; Yang et al.
2014a, b)].

Despite the fact that the IS-RIL population has higher
resolution and power to detect QTLs due to larger size,
we detected more novel QTLs in the two SBSH- BC,F,
populations than any other populations, demonstrating
the genetic novelty arisen during the diversification of S.
halepense. Lack of unique QTLs in the PQ-RIL population
may be mainly due to a relatively low resolution genetic
map with simple sequence repeat (SSR) markers and a
smaller sample size compared to the IS-RIL. Polyploidy
and subsequent ‘diploidization’ processes are often associ-
ated with the formation of genetic novelty (Comai 2005)
and the relative abundance of QTLs unique to the SH-
derived populations is characteristic of this phenomenon.
Noting that a genome duplication had not survived in the
sorghum lineage for 96 million years before the evolu-
tion of S. halepense, an attractive hypothesis for further
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investigation is that S. halepense may harbor a rich collec-
tion of novel alleles that offer potential opportunities for
sorghum improvement.
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